We find that citrate-stabilized gold nanoparticles aggregate and precipitate in saline solutions below the NaCl concentration of many bodily fluids and blood plasma. Our experiments indicate that this is due to complexation of the citrate anions with Na + cations in solution. A dramatically enhanced colloidal stability is achieved when bovine serum albumin is adsorbed to the gold nanoparticle surface, completely preventing nanoparticle aggregation under harsh environmental conditions where the NaCl concentration is well beyond the isotonic point. Furthermore, we explore the mechanism of the formation of this albumin 'corona' and find that monolayer protein adsorption is most likely ruled by hydrophobic interactions. As for many nanotechnology-based biomedical and environmental applications, particle aggregation and sedimentation are undesirable and could substantially increase the risk of toxicological side-effects, the formation of the BSA corona presented here provides a low-cost bio-compatible strategy for nanoparticle stabilization and transport in highly ionic environments.
Introduction
Human blood plasma, the liquid part of blood, is a complex environment with thousands of proteins, antigens and antibodies diffusing in a solution with relatively high ionic strength (NaCl concentration of ~ 150 mM). 1, 2 Nanoparticles are currently investigated for their clinical use in disease diagnosis and treatment. [3] [4] [5] [6] [7] Any practical application of nanoparticles in biological fluids, such as blood plasma, should ensure monodispersity of the material under these harsh conditions, as particle agglomeration and sedimentation 8, 9 may affect the biodistribution of the material and lead to harmful side effects. 10, 11 Alongside the issue of particle dispersity, exposure of nanoparticles to blood leads to adsorption of plasma proteins onto their surface, [12] [13] [14] [15] [16] [17] affecting how cellular receptors screen nanomaterials. [18] [19] [20] [21] [22] [23] While studies characterizing this protein 'corona' are rising, quantitative investigations of how this corona may affect the dispersity and mobility of nanoparticles are still scarce. 9, 11, 24 In addition, the role of the ionic strength of biological fluids in the affinity between proteins and nanoparticles is a fundamental aspect that needs further investigations. [25] [26] [27] [28] Serum albumin, the most abundant protein in circulation, will likely play a key role in the transport of nanoparticles across the bloodstream, as its main biological function is the transport of non-polar compounds in the circulatory system. 29, 30 Bovine serum albumin (BSA) often serves a model protein for nanoparticle-protein studies, as it shares 98 % of its aminoacid sequence with its human variant. 29 Although this protein is negatively charged at physiological pH, it also contains eleven hydrophobic binding domains, 66 positively charged lysines and an unpaired sulfhydryl group (cysteine). 30 Given the complexity of this protein, its interaction with nanoparticles is by no means trivial.
Gold nanoparticles (AuNPs) are ideal candidates for fundamental studies of proteinnanoparticle interactions. 13, [31] [32] [33] Upon interaction with light, high absorption and scattering cross sections across the visible and near IR spectral region arise from the collective oscillation of the conduction electrons, a phenomenon known as the surface plasmon resonance. [34] [35] [36] [37] The field of plasmonics 38 has promising applications in biology and medicine such as high contrast nanoparticle imaging, tracking, and sensing. [39] [40] [41] [42] [43] [44] In addition, recent in vivo studies have found low-toxicity associated with the gold core for nanoparticle sizes around 50 nm in diameter. 7, 10, 45 While many ligand-exchange strategies have been realized for AuNPs, [46] [47] [48] [49] [50] [51] [52] citrate stabilization via electrostatic repulsion is still the simplest low-cost route for particle synthesis that does not require covalent attachment of molecules to the surface. [53] [54] [55] [56] The interaction of citrate-stabilized AuNPs and bovine and human serum albumin has been reported in the literature and is now extensive. 31, 32, [57] [58] [59] [60] [61] [62] [63] The proposed mechanisms to explain this interaction can be grouped into two categories: 1) Electrostatic attraction between the positively charged lysine groups of the protein and the citrate-layer covering the gold surface; 31, 57, 60, 62 2) Thiol-binding of the cysteine residues, in particular cys-34, directly to the gold surface, most likely displacing the citrate layer on the gold surface. 59, 61 Here we show that aqueous solutions with the same pH and ionic strength as human blood plasma cause aggregation and precipitation of citrate-stabilized AuNPs. Our experiments suggest that this occurs due to complexation of the citrate molecules with counter ions in solution. Adsorption of BSA onto the nanoparticle surface enhances the colloidal stability at salt concentrations beyond the isotonic point (> 100 mM), a positive side effect of the BSA protein-corona. Additionally, we address the ongoing debate of the binding mechanism of BSA on citrate-stabilized AuNPs by testing the adsorption of the protein under different saline conditions and with a sulfhydryl-blocked form of BSA. Finally, we demonstrate that the ionic strength of the solution drives the adsorption of BSA to AuNPs, as the binding affinity increases in the presence of salts due to an overall increase of the nanoparticle hydrophobicity.
Experimental Section Materials
Citrate-stabilized AuNPs with a nominal diameter of 50 nm and an approximate concentration of 10 10 AuNPs/mL were purchased from BBInternational. The sample was further characterized by transmission electron microscopy (TEM, JEOL 2010), yielding an average diameter of 51 ± 7 nm. A representative TEM image is shown in Figure S1 , along with the size distribution obtained using a home-built image analysis program written in Matlab.
NaCl, CaCl 2 , and ZnCl 2 were purchased from Sigma-Aldrich. Solutions of these salts were prepared in Milli DI water (> 25 MΩ, Millipore). The behavior of AuNPs in saline solutions was studied by mixing equal volumes of citrate-stabilized AuNPs and salt solutions. The salt concentration reported throughout the manuscript is the final concentration after mixing with AuNPs. Phosphate buffered saline (PBS) and Tris-buffered saline (TBS, NaCl = 150 mM) were purchased from Sigma-Aldrich. The pH of all saline solutions was measured and found to be in the in the physiological range (7.0 -7.5).
Albumin from Bovine Serum was purchased from Sigma-Aldrich (≥98 % lyophilized powder, product number A7906, M W = 66430). Sulfhydryl-blocked Bovine Serum Albumin (SB-BSA) was purchased from Lee Biosolutions (≥ 98 % lyophilized powder, product number 100-10SB, M W = 66317). The purity of these BSA samples is comparable to other studies of nanoparticle-protein interactions. 31, 32, 57, 59 The proteins were diluted to the desired concentration in molecular biology grade water at the required salt concentration. To prevent protein aggregation, protein solutions were freshly prepared for each experiment. The BSA lyophilized powder was stored at 2 °C. For protein binding experiments, AuNPs and BSA were mixed using equal volumes of each solution. The protein concentration reported throughout the manuscript is the final concentration after mixing.
Ellman's reagent (5,5′-dithiobis-(2-nitrobenzoic acid), Sigma Aldrich) was used to quantify the thiol activity of BSA and SB-BSA using UV/Vis spectroscopy. 64 Figure S2A shows the UV/Vis extinction of Ellman's reagent after reacting with BSA and SB-BSA, as well as with positive (thiol-PEG, Sigma Aldrich) and negative controls (H 2 O, Millipore). The lack of thiol activity of SB-BSA is confirmed by its weak absorbance at 412 nm ( Figure S2B ) when compared to the sample with just water.
Microscope cover glass slides (25 × 25 mm 2 , Fisherbrand) were sonicated in acetone (ACS spectrophotometric grade, Sigma-Aldrich) and Milli Di water for 20 min. The slides were then dried with ultra-high purity N 2 (Matheson) and stored in SampleStorr ™ vacuum containers (Ted Pella, Inc) to avoid contamination. Before use, the microscope slides were cleaned with O 2 plasma for 90 s at 200 mTorr (Harrick Plasma). Silicon chambers (50 μL, Grace Bio-Laboratories) were placed on top of the microscope cover glass and filled with the solution of interest using a micropipette (Thermo Scientific).
UV/Vis spectroscopy and Zeta-potential measurements
Ensemble UV/vis spectroscopy of the AuNPs solutions was measured using a home-built optical setup with a fiber spectrometer from Ocean Optics (SD1024DW). A cuvette containing approximately 1 mL of solution was illuminated using a white LED light source (MWWHL3, Thorlabs). The incident power was adjusted with a 15 V power supply unit and a LED driver (Thorlabs) to avoid saturation of the detector. The experiment was controlled using the SpectraSuite spectroscopy software supplied by Ocean Optics. Zeta-potential values were acquired using a Malvern Zen 3600 (Zetasizer Nano). The Smoluchowski approximation was used as an input parameter of the Henry equation, corresponding to the electrophoretic mobility of small particles in aqueous media.
Scattering correlation spectroscopy
Scattering correlation spectroscopy was performed using a home-built inverted microscope (Observer.D1, Zeiss) described elsewhere. 65 Light from a 532 nm laser (Verdi-6, Coherent Inc.) was circularly polarized using a λ/4 wave plate, then collimated and expanded to overfill the objective (Fluar, Zeiss: 100 X, NA = 1.3). The laser power was attenuated using neutral density filters (Thorlabs) to approximately ~ 400 nW, measured before the microscope. Heating of the sample in this power range is negligible. 65 The focal plane of the objective was set to approximately ~ 6 μm inside the sample, to avoid excessive scattered light from the glass-water interface. The scattered light was collected in the backwards direction, and redirected to a 50 μm pinhole before focusing into an avalanche photodetector (SPCM-AQRH, Perkin Elmer). To ensure that only elastic scattering is collected, a 532 ± 2 nm band pass filter was placed in the detection beam path.
Scattering correlation spectroscopy is a photon correlation technique that measures the Brownian fluctuations in the scattering intensity caused by particles diffusing through a diffraction limited focal volume. Because the analyte concentration is typically below the nanomolar regime, it is assumed here that only one particle is diffusing through the focal volume at a time. The temporal autocorrelation G(τ) of the scattering signal I(t) was performed over a range of lag times from τ min to τ max as: (1) where δI(t) represents an intensity fluctuation, mathematically expressed as the intensity at time t minus the average: δI(t) = I(t) − 〈I(t)〉. For the ideal case of three-dimensional Gaussian excitation in a confocal microscope, the autocorrelation function can be expressed in terms of the average number of species crossing the focal volume 〈N〉, the beam waist r 0 , and beam height z 0 :66 (2) The characteristic diffusion time τ D and the geometrical factor are used as fit parameters in equation (2) . The amplitude of the autocorrelation function is normalized to 1 for better comparison of the differences in τ D under different salt and protein concentrations. After extracting τ D from at least 3 independent measurements of 7 intensity transients (40 s each), the translational diffusion coefficient D tr was calculated according to: (3) D tr is related to the hydrodynamic radius R h using the Stokes-Einstein relationship: (4) where k is the Boltzmann constant, T is the temperature (T = 296 ± 1 K), and η is the solvent viscosity. For H 2 O at room temperature we used η = 0.89 mPa·s. While the effect of the salts (NaCl, ZnCl 2 , and CaCl 2 ) on the viscosity of the aqueous solutions is negligible for the range of concentrations tested, the effect of BSA was considered using a linear approximation based on the intrinsic viscosity of the protein according to the provider, [η] = 4.13 cm 3 g −1 . This same approximation was used for SB-BSA.
Following previously published criteria for consistent correlation spectroscopy analysis, 67 the minimum and maximum lag times were set to τ min = 10 μs and τ max = 40 s. The dimensions of the focal volume are obtained using 110 nm latex beads purchased from Invitrogen (C37485). Figure S3 shows the autocorrelation function of 110 nm latex beads which were used as a standard to extract the hydrodynamic dimensions of the AuNPs (Table  S1 ).
Results and Discussion
Citrate-stabilized AuNPs precipitate in NaCl solutions at physiological pH. Figure 1A shows the extinction spectra of AuNP solutions for different NaCl concentrations. The spectra were acquired after 24 hours of equilibration. The extinction of the surface plasmon resonance at its maximum λ max = 535 nm decreases with increasing NaCl concentration. To better understand the underlying mechanism of AuNP precipitation, spectra were also acquired as a function of time after initial mixing as shown in the inset of Figure 1A .
While the spectra at equilibrium show that AuNPs precipitate out of solution in the presence of NaCl, the spectral acquisition as a function of time after initial mixing strongly indicates particle aggregation in the early stages of precipitation, observed as a red-shift and broadening of the plasmon band. The time dependent spectra were acquired at a higher NaCl concentration of 100 mM for a faster visualization of this process. It should be noted however that the lower concentrations of NaCl shown in the main panel induce similar aggregation and precipitation but on longer time scales (data not shown). The red-shift of the plasmon peak occurs as a result of plasmon coupling within AuNP aggregates, 37 but as time increases this red-shifted band vanishes as the aggregates fall out of solution.
The decrease in the extinction of the plasmon resonance occurs together with an increase in the AuNPs zeta-potential. Figure 1B shows the extinction at λ max extracted from Figure 1A , alongside with zeta-potential measurements of the AuNP colloids also acquired at equilibrium. The zeta-potential increases with increasing NaCl concentration. Note that at NaCl concentrations higher than 15 mM the error bars substantially increase as the solution concentration decreases. Pictures of the AuNPs solutions are also shown in Figure 1B . Whereas at 1 mM NaCl the solution is bright red due to the plasmon resonance of the colloidal AuNPs, the solution turns clear at 30 mM because the AuNPs have formed aggregates and precipitated.
Two hypotheses can be formulated to explain the increase in zeta-potential shown Figure  1B: 1) The formation of an electric double layer of Na + cations binding to the citrate, or 2) complexation of the citrate anions with counter ions in solution, as it is well known that citrate can form complexes with metallic salts in aqueous environments. 68 To gain more insight into the salt-triggered aggregation mechanism, extinction spectra of the same citratestabilized AuNPs were acquired in CaCl 2 and ZnCl 2 solutions ( Figure S4 ), thereby changing the cations but keeping the same amount of net charge for these two conditions(Ca 2+ , Zn 2+ ). As seen in Figure S1A , as little as 80 μM of CaCl 2 can precipitate the colloid almost entirely. ZnCl 2 , on the other hand, requires a concentration of at least an order of magnitude higher (~ 800 μM) in order to achieve complete precipitation.
Because Ca 2+ and Zn 2+ have the same net charge, the dramatically different concentrations required for nanoparticle precipitation does not support the formation of an electric double layer. The experiments with NaCl shown in Figure 1 do not support this hypothesis either because 30 mM NaCl was required to induce colloid precipitation, an order of magnitude higher concentration than for Ca 2+ , despite having only half the charge. If an electric double layer were formed, the amount of salts required to crash the nanoparticles would not differ by an order of magnitude between the salts tested. The order of the complexation (Ca 2+ > Zn 2+ > Na + ) also agrees well with the reported complexation affinity of citrate with these metal ions. 68 We therefore conclude that nanoparticle aggregation and subsequent precipitation likely occur because the citrate anions form complexes with counter cations in solution. This process removes the citrate layer, thereby exposing the bare, unprotected nanoparticle surface.
Further support of the formation of nanoparticle aggregates in the presence of NaCl is observed via scattering correlation spectroscopy. Because of the diffraction limited detection volume, and the scaling of the scattering intensity with V 2 , 36 scattering correlation spectroscopy is a powerful technique for the detection of small amounts of aggregates in heterogeneous samples. In our previous work we observed that as small as a 2% contamination of a colloid with larger nanoparticles dramatically bias the autocorrelation curves to longer diffusion times. 65 Figure 2A shows the autocorrelation traces of AuNPs before and after addition of 40 mM NaCl approximately 10 min after preparation. Note that from the data in Figure 1A , this NaCl concentration can precipitate the colloid entirely in about a day. The increase of one order of magnitude in the characteristic diffusion time τ D from ~ 1 ms to ~ 10 ms implies a similar increase in the hydrodynamic radius R h from 26 nm to ~ 250 nm, resulting from particle aggregation. Therefore, Figure 2A demonstrates that large and slow aggregates are diffusing through the observation volume in the presence of NaCl.
The raw intensity traces used in the autocorrelation analysis also contain useful information for the detection of particle aggregates. Figure 2B shows a blip intensity frequency analysis (BIFA) of the same autocorrelation traces shown in Figure 2A . BIFA plots the frequency and intensity (photon counts) of scattering events for a fixed amount of time for an intensity vs. time trace (40 s in this case as shown in the inset of Figure 2B ). The formation of aggregates not only shifts the intensity histograms toward larger values, but also decreases the number of events detected per time interval. Fewer but brighter events are a result of larger particle aggregates formed in solution. Having discussed the salt-induced aggregation and precipitation of citrate-stabilized AuNPs, we now explore the effect of BSA adsorption on the stability and diffusion of AuNPs in saline solutions.
Addition of BSA to the AuNPs in the range of physiological concentrations ([BSA] = 375 μM), before mixing with NaCl stabilizes the colloid even at concentrations beyond the isotonic point ([NaCl] > 100 mM). Figure 3A shows the extinction spectra of AuNP solutions with increasing NaCl concentrations, measured after 24 hours of preparation. The AuNPs were stable even at similar NaCl concentrations to that found in seawater (~ 1000 mM), and in commonly used buffer solutions such as phosphate buffered saline (PBS) and tris buffered saline (TBS) ( Figure S5 ). In contrast to the salt-dependent precipitation observed in Figure 1 , the AuNPs remain stable in the presence of large amounts of NaCl.
This enhanced colloidal stability in environments with high ionic strength is observed even if BSA and NaCl are simultaneously added to the citrate-stabilized AuNPs. The inset of Figure 3A shows extinction spectra acquired immediately after simultaneous addition of 375 μM of BSA and 100 mM of NaCl (t = 0 s, solid cyan line), and ten min later (t = 600 s, dashed red line). The extinction spectrum remains completely unchanged, strongly suggesting that particle stabilization via protein adsorption occurs at a faster time scale than particle aggregation and precipitation.
Adsorption of BSA onto citrate-stabilized AuNPs increases the nanoparticle zeta-potential. Figure 3B shows the extinction at λ max of the same spectra shown in Figure 3A , alongside with zeta-potential measurements of the same AuNP solutions. The offset in the zetapotential observed at 0 mM NaCl (− 30 mV) in the presence of BSA, in comparison to the zeta potential in the absence of BSA (− 50 mV, Figure 1B ) is strong evidence of protein adsorption. 31, 60 Although the intensity and shape of the extinction spectra remain unaffected in a wide range of NaCl concentrations, the nanoparticle zeta-potential increases as the NaCl concentration increases. The fact that the zeta-potential increases toward neutral values as the NaCl concentration increases could imply that more BSA is bound to the nanoparticle surface, as this protein is just slightly negatively charged at physiological pH. As the protein concentration is kept constant at 375 μM, this conclusion is not obvious and would imply that the salt concentration drives the affinity between BSA and AuNPs, as will be discussed in more detail below.
Further support of the enhanced colloidal stability provided by BSA in saline solutions is shown via scattering correlation spectroscopy. Figure 4A shows the autocorrelation curve of the original citrate-stabilized AuNP solutions (0 mM NaCl + 0 mM BSA, blue squares). Addition of BSA at concentrations in the physiological range (375 μM) increases the characteristic diffusion time τ D , corresponding to an increase in the nanoparticle hydrodynamic radius from R h = 26 ± 2 nm (blue squares) to R h = 31 ± 2 nm (black squares), in agreement with our previously published results of BSA monolayer adsorption onto citrate-stabilized AuNPs. 69 The observed change in hydrodynamic radius after addition of BSA to the AuNPs corresponds to the formation of a BSA monolayer on the citratestabilized AuNPs, based on the dimensions of the native form of the protein. 29 Addition of 40 mM NaCl to this BSA-AuNP system yields identical autocorrelation traces (red squares).
In agreement with Figure 4A , BIFA ( Figure 4B ) shows almost identical intensity histograms for BSA-stabilized (375 μM) AuNPs in 0 mM (black) and 40 mM (red) NaCl solutions. In addition, the number of events counted for a time interval of 40 s remains similar for both solutions. Scattering correlation spectroscopy and BIFA therefore demonstrate that AuNP diffusion is unaffected by the NaCl concentration of the solution and that the nanoparticles do not aggregate once BSA is adsorbed onto the AuNP surface.
Addition of BSA after adding NaCl immediately stops the salt-induced aggregation. Figure   5A shows UV/Vis extinction spectra of citrate-stabilized AuNPs for the first 600 s after mixing with 100 mM NaCl. This NaCl concentration was chosen to speed-up the saltinduced precipitation before BSA addition. Following a similar trend as observed in the inset of Figure 1A , the AuNP colloid starts to aggregate and precipitate quickly. Addition of 50 μM BSA after 10 s immediately stops the precipitation process, as the extinction spectra of the AuNPs are all identical after BSA has been added to the solution. This particular BSA concentration was selected to reduce the effect of the protein's viscosity in the mixing with AuNPs, but larger BSA concentrations are expected to produce the same enhanced stability. BSA adsorption must therefore occur on a faster time-scale than the NaCl induced aggregation and citrate-complexation, however further experiments would be necessary to quantitatively measure the competitive kinetics between these two processes.
Having discussed the enhanced stability provided by BSA to AuNPs in environments that would otherwise induce aggregation, we now explore the question of the physico-chemical mechanism for BSA adsorption on AuNPs. As stated in the introduction, some studies have proposed that BSA binds to AuNPs using the unpaired sulfhydryl group of cysteine-34, forming a thiol bond with the gold surface. If this is the case, a sulfhydryl-blocked form of BSA (SB-BSA) should not adsorb onto the AuNP surface and hence not provide the enhanced colloidal stability in environments with high ionic strength as native BSA does.
The sulfhydryl-blocked form of BSA provides the same enhanced colloidal stability as native BSA in salt solutions. In a similar manner as Figure 5A , Figure 5B shows UV/Vis extinction spectra of AuNPs in 100 mM NaCl as a function of time for the first 600 s after adding salt. The salt-induced precipitation is stopped after 10 s by addition of 50 μM SB-BSA, as evidenced by the identical extinction spectra observed for the remaining 590 s of spectra acquisition. To further verify that the enhanced colloidal stability provided by SB-BSA comes from adsorption onto the AuNPs surface, scattering correlation spectroscopy experiments were performed.
BSA and SB-BSA are both adsorbed on citrate-stabilized AuNPs. Scattering correlation spectroscopy experiments demonstrate that in the presence of physiological concentrations of BSA ( Figure 6A ) and SB-BSA (Figure 6B ), the autocorrelation curves shifts to slower characteristic diffusion times as a result of protein adsorption onto the nanoparticle surface. The calculated hydrodynamic radius of citrate-stabilized AuNPs grows from R h = 26 ± 2 nm to R h = 31 ± 2 nm in BSA and R h = 30 ± 2 nm in SB-BSA. These changes in hydrodynamic radii correspond to no more than monolayer adsorption of both forms of BSA onto citratestabilized AuNPs. These results strongly suggest that the dominant mechanism for adsorption is not via the unpaired-thiol group of BSA.
So far we have established that salts in solution assist the complexation of citrate anions with salt-cations (such as Na + , Ca 2+ or Zn 2+ ), leaving the AuNP surface with little electrostatic protection for effective particle-particle repulsion. We also found that BSA binding onto the AuNP surface occurs faster than the citrate-complexation induced precipitation of the colloid. Because the enhanced colloidal stability comes from BSAadsorption, we therefore further hypothesize that the presence of salts must have an effect on the binding affinity between BSA and citrate-stabilized AuNPs. To explore this in detail, BSA adsorption isotherms at two distinct NaCl concentrations were obtained using scattering correlation spectroscopy.
The binding affinity of BSA to AuNPs increases in the presence of NaCl. Figure 7 shows the AuNP hydrodynamic radius, extracted from scattering correlation spectroscopy analysis (blue squares), as a function of BSA concentration for 0 mM ( Figure 7A ) and 20 mM NaCl solutions ( Figure 7B ). Note that this NaCl concentration was chosen because it allowed us to obtain the binding isotherms in a wide range of BSA concentrations, as 20 mM NaCl does not precipitate the AuNPs entirely at low BSA concentrations. The data is fitted to the Hill equation for ligand-receptor interactions (solid red line) 14 to extract the dissociation constant K D and the Hill coefficient n, which measure the affinity and cooperativity of the interaction, respectively. K D decreases about twenty times from 600 μM to 30 μM when the NaCl concentration is increased from 0 mM to 20 mM. BSA adsorption reaches monolayer saturation at a BSA concentration < 100 μM in the presence of 20 mM NaCl, while in the absence of NaCl saturation is reached only after 1000 μM. Also, the Hill coefficient slightly increases from 0.6 to 0.9 in the presence of NaCl, indicating that the interaction becomes less anticooperative. Although the hydrodynamic radius at the highest BSA concentration tested (1.5 mM) in the absence of NaCl could indicate the formation of a protein double layer, we cannot discard protein unfolding upon adsorption. 70 Further experiments beyond the scope of this study are required to investigate the possibility of protein conformational changes at low salt concentrations.
In addition to the adsorption isotherms obtained via scattering correlation spectroscopy, we measured the zeta-potential of the AuNPs solutions in the same range of BSA concentrations. The zeta-potential also suggests an increase in affinity for BSA to citratestabilized AuNPs in the presence of NaCl. Figure 7C shows zeta-potential measurements as a function of BSA concentration for citrate-stabilized AuNPs at 0 mM (light blue) and 20 mM (dark blue) NaCl. As discussed earlier, the increase in zeta-potential is indicative of BSA adsorption. 31, 60 In agreement with the adsorption isotherms presented in Figures 7A  and 7B , in the presence of 20 mM NaCl the zeta-potential reaches saturation at a BSA concentration < 100 μM, whereas in the absence of salt, saturation in the zeta-potential is not observed until at least 1000 μM BSA.
The increase in the affinity between BSA and AuNPs in the presence of NaCl suggests that hydrophobic interactions may rule the mechanism of adsorption of BSA onto citratestabilized AuNPs. If BSA was binding via electrostatic interactions to the citrate anions bound to the AuNP surface, the binding affinity would have to decrease in the presence of salts because fewer citrate anions are available at the nanoparticle surface, as they are forming complexes with the metal cations as shown above. 31, 57, 60, 62 Also, if BSA was forming a thiol bond with the AuNP surface, 59 ,61 the sulfhydryl-blocked form of BSA should not provide the enhanced colloidal stability in saline solutions and should not form a similar monolayer adsorption as found for native BSA. Instead it is most likely that the complexation between the citrate anions and the metal cations increases the hydrophobicity of the AuNPs, as the 'naked' AuNP surface becomes increasingly exposed with increasing salt concentration. 12 Using a quartz crystal microbalance Brewer et al. indeed showed a larger preference for BSA to bind to a bare gold surface compared to a citrate-coated gold surfaces. 57 While it is possible that some citrate molecules are still left bound to the AuNP surface and BSA forms a monolayer on top of citrate molecules, the overall increase in hydrophobicity shifts the equilibrium between BSA and AuNPs toward higher binding affinities.
Our results are in good agreement with recent reports. Murphy and co-workers observed that fetal bovine serum enhanced the stability of CTAB coated gold nanorods in the presence of cell culture media. 71 Cedervall et al. suggested that hydrophobic interactions tend to dominate the energy balance between plasma proteins and nanoparticles. 12 In addition, an enhanced stability of BSA-coated AuNPs in simulated intestinal fluid, 72 and negligible hemolytic activity and cytotoxic responses of BSA-stabilized AuNPs in the presence of red blood cells have been reported. 73 It should also be noted that even though the experiments presented here were performed at room temperature, the conformation of the protein is expected to be not affected by this because the denaturation temperature of BSA is at least 18 degrees higher than the physiological temperature. 30 The diffusion coefficients of both BSA and AuNPs are however expected to equally increase under in vivo conditions as a result of a higher temperature.
Conclusions
In conclusion, we have shown that citrate-stabilized AuNPs aggregate and precipitate in aqueous solutions with the same NaCl concentration as human blood plasma and commonly used saline buffers. This salt-induced aggregation likely occurs due to the ability of citrate to form complexes with counter ions in solution, leaving the AuNP surface unprotected from Van der Waals interparticle attraction. Adsorption of BSA onto the nanoparticle surface enhances the stability of the colloidal solution to a degree, where monodisperse nanoparticle solutions are stable at NaCl concentrations above the isotonic point (> 100 mM) and similar to commonly used saline buffers and seawater. In addition, we demonstrated that the ionic strength of the solution plays a key role in the formation of the BSA-corona with citratestabilized AuNPs. The binding affinity between BSA and AuNPs increases in the presence of salts, likely due to the complexation of the citrate anions with salt cations in solution, thereby increasing the hydrophobicity of the nanoparticle surface. Although the effect of the nanoparticle size was not addressed here, it will likely play a role as we expect that for larger AuNPs a higher relative salt concentration is needed to induce colloidal aggregation. 74 In addition, the AuNP size could affect the protein adsorption as recent reports suggest an effect of the nanoparticle curvature on the conformation of adsorbed proteins. 33, 60 Our study confirms the role of BSA as the multifunctional transporter of non-polar compounds in environments with high ionic strength such as blood plasma, highlights a positive effect of the BSA protein-corona in the transport of nanoparticles across the bloodstream, and provides a bio-compatible and low-cost strategy for nanoparticle protection in highly ionic environments. In principle, the protection against colloidal aggregation offered by BSA could find use in other nanoparticle-based technologies such as the recently developed nanoparticle steam generation process using sunlight, 75 which could be used for the desalination of sea water if colloidal aggregation under very high salt concentrations can be minimized or ideally completely avoided.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) UV/Vis extinction spectra of citrate-stabilized AuNPs for increasing NaCl concentrations after 24 hours of storage at room temperature. The inset shows extinction spectra as a function of time for the first 600 s of the precipitation process. (B) Extinction at λ max as a function of NaCl concentration extracted from equilibrated spectra in (A), along with zeta-potential measurements of the same NP solutions. Pictures of two representative solutions are shown as insets. The error bars are calculated from the peak value of the zetapotential acquired from three independent measurements. (A) UV/Vis extinction spectra of citrate-stabilized AuNPs mixed with BSA (375 μM) before addition of increasing NaCl concentrations, measured after 24 hours of storage at room temperature. The inset shows the extinction spectra of AuNPs after simultaneous addition of BSA (375 μM) and NaCl (100 mM) at t = 0 s (solid-cyan line) and at t = 600 s (dashed-red line). (B) Extinction at λ max as a function of NaCl concentration extracted from the spectra in (A), along with zeta-potential measurements of the same solutions. (A) UV/Vis extinction spectra of citrate-stabilized AuNPs as a function of time after addition 100 mM NaCl. 50 μM BSA is added at t = 10 s. (B) Same experiment as presented in (A), except that a sulfhydryl-blocked form of BSA (SB-BSA) is added at t = 10 s. The blue dots highlight the maximum extinction of each spectrum. The drop in extinction after BSA addition is due to dilution of the AuNP solution. Autocorrelation traces of citrate-stabilized AuNPs before and after addition of BSA (A) and SB-BSA (B) at physiological concentrations (375 μM). The insets contain the calculated in hydrodynamic radius of the AuNPs based on the measured characteristic diffusion times. 
